Lignin undergoes catalytic depolymerization in the presence of a variety of transfer hydrogenation agents, however the mechanisms for non-catalytic depolymerization of lignin via transfer hydrogenation are not well understood; this makes process optimization difficult. Herein, for the first time a mechanism for this process is proposed. For the purposes of understanding the mechanisms involved in these non-catalytic lignin depolymerization processes, this study investigates the equilibrium system of formic acid, methyl formate and carbon monoxide, as agents for the depolymerization of lignin, in the presence of either water or methanol as solvents. In the methyl formate/water (at 300°C) system, 73 wt% oil was produced which contained a significant amount of low molecular weight alkylphenols, with less than 1 wt% char produced. In aqueous media, the results showed that methyl formate maintains an equilibrium with formic acid which is itself in equilibrium with carbon monoxide. It was found that using either formic acid or methyl formate for non-catalytic transfer hydrogenation of lignin can produce high amounts of oil, and can be described as a two-stage mechanism. After 10 min of reaction at 300°C, around a quarter of the formic acid is consumed via hydride transfer of the formate proton, preventing the condensation of lignin fragments. At the same time, approximately three quarters of the formic acid decomposes to carbon dioxide and carbon monoxide. Once the formic acid is consumed, the carbon monoxide was identified as the precursor to a reactive reductive reagent and was able to activate the proton of the water molecule preventing further condensation of the lignin fragments. It has been previously thought that transfer hydrogenation in lignin using formic acid occurs via the production of molecular hydrogen. Here it is demonstrated that formic acid reacts directly with the lignin, without this hydrogen formation. Therefore the key parameters for efficient transfer hydrogenation of the lignin to maximize bio-oil yield appear to involve controlling the reactions between lignin and formic acid, methyl formate or carbon monoxide under aqueous conditions, thereby reducing the reagent cost and loading while maintaining efficient lignin conversion.
Introduction
The environmental impact of fossil fuel consumption is increasing and the transition to more sustainable energy is underway. More environmentally benign methods for producing energy are developing and biomass has a key role to play in these mitigation strategies. For the past decade, significant efforts have been made in the production of lignocellulosic biofuels. 1 Several biofuel processes based on biological conversion of the cellulosic fraction of the pretreated biomass are at the scale-up phase. However, the economic viability of such processes requires the valorization of the lignin fraction. 2 Currently, lignin is usually burned for process heat. However, lignin could be more profitable as a feedstock for the production of bulk aromatic bio-based synthons. 3 The depolymerization of lignin to lower molecular weight is often seen as the critical step for its efficient valorization. 4 Improving our understanding of the lignin depolymerization and charring mechanisms has significance in a number of related areas of study such as the production of alternative and biomass derived biofuels. For example, there is a need for a pathway to produce low molecular weight aromatics as addi-tives to aliphatic oils produced via the hydrotreated esters and fatty acids (HEFA) process. [5] [6] [7] [8] Understanding biomass and more specifically lignin reaction mechanisms is also vital for the optimization of bio-carbon production through methods such as hydrothermal carbonization, flash carbonization™ and constant volume pyrolysis. [9] [10] [11] All these areas of study rely on the control, and thereby understanding, of reaction conditions to tailor product properties while reducing costs.
Reductive approaches for the depolymerization of lignin have recently received significant attention. 4, 12, 13 Among them, catalytic depolymerization of lignin in the presence of hydrogen has been extensively studied. [13] [14] [15] It is well established that formic acid (FA) can be used as an in situ source of hydrogen and is often used in combination with noble metal catalysts for the depolymerization and deoxygenation of the lignin (Table S .1 †). Previous studies reported the efficient depolymerization of lignin in FA-water media using bifunctional noble metal catalysts or in isopropanol-FA media using Ru/C catalyst. 16, 17 In these two studies, the non-catalytic control conditions were reported to generate significantly lower amounts of oil and higher amount of char. On the other hand, the addition of a noble metal catalyst limited char production and increased the monomeric phenolic yields. Inversely, another study at lower temperatures (265°C) showed that the oil yield was not improved when the Pd/C catalyst was added in the system. In non-catalytic and catalytic conditions, catechol (1,2-dihydroxybenzene, CAS 120-80-9) was the major product of the monomeric fraction. 12 In alkaline conditions, another study reported that the depolymerization of eucalyptus lignin in the presence of sodium formate at 300°C in water led to guaiacol (2-methoxyphenol, CAS 90-05-1) and syringol (1,3-dimethoxy-2-hydroxybenzene, CAS 91-10-1) as the main products. 18 In a recent study, Onwudili et al. used a two-stage catalytic hydrothermal process to depolymerize lignin to phenols. Interestingly, the author reported higher oil yield as well as monomer yield using non-catalytic conditions. On the other hand, a greater amount of char was produced in catalytic conditions which could be attributed to the use of an acidic alumina supported Pt catalyst which is known to favor coking. 19 According to previous studies, the non-catalytic transfer hydrogenation of lignin produced similar or higher yields of oils. Moreover, the use of noble metal catalysts are expensive and their recycle challenging. In that context, optimizing lignin depolymerization in non-catalytic conditions using transfer hydrogenation type reactions is a desirable approach. A recent study showed promising results for the lignin conversion to bio-oil using FA in non-catalytic aqueous media. The authors achieved up to 75% oil yield for the softwood Kraft lignin conversion at 390°C and 4 h reaction. The authors highlighted the slight increase of oil yield in ethanolbased conditions and attributed this to the alkylation of the lignin fragments. 20 In other work, non-catalytic transfer hydrogenation using FA in alcohol media was applied to a series of lignin model compounds in order to understand the degradation or depolymerization mechanisms. At temperatures around 350°C, the authors concluded that the mechanism propagates through the homolytic cleavage of the ether bonds. Moreover, the authors made the assumption that the molecular hydrogen, produced from the FA decomposition, suppressed recondensation of the lignin fragment. 21 A recent study on hardwood lignin depolymerization in subcritical water under different gases (N 2 , CO, H 2 and CO 2 ) reported similar lignin conversion regardless of the gases used. However, the authors reported that carbon monoxide generated the best environment for the production of low molecular weight products. 22 Other studies reported the effect of carbon monoxide and water in the depolymerization of lignin. In the presence of sodium carbonate, up to 90% of the lignin products were benzene soluble after reaction at 380°C and 1500 psi of carbon monoxide (cold pressure). The authors also suggested that the carbon monoxide was able to cleave β-ether linkages of the lignin. 23 Under subcritical water conditions, decarboxylation of FA was observed and carbon monoxide production from the lignin decomposition has been suggested. 12 However, at the same temperature other studies report that the FA decomposes via two pathways. 21 According to previous work, the decarbonylation and decarboxylation can be tuned depending on the temperature and acidity of the media. Under acidic conditions, decarbonylation will be preferred while basic conditions favour decarboxylation. 24 In other work, the decomposition pathway of the FA suggested that the isomer stability was the key to the FA decomposition route. In the presence of water, the cis-configuration gave the higher stability which suggested decarboxylation as the preferential pathway. 25 In an alcohol medium, FA was rapidly esterified due to the favorable equilibrium for alkylformate. 26 In previous work, an alcoholic media has been generally used. However, the quick esterification of the FA in the presence of the alcohol should have an impact on the activity of the formate as an H transfer donor reagent. The presence of water also had an impact on the reactivity of the FA. In that context, alkylformate could be substituted for FA in the water media. Transfer hydrogenation of lignin in non-catalytic systems is likely to be a more attractive approach from an economic and process intensification perspective; a full techno-economic analysis would be required to assess such benefits and was not the focus of this study. However, there is a lack of understanding of the lignin transfer hydrogenation mechanisms, making process optimization challenging. In most of the previous studies, temperatures above 350°C and reaction times as long as 15 h were required to produce high yields of low molecular weight phenolic compounds. The lignin loading was also kept below 10% and the mass ratio between FA and lignin was more than 2. 27, 28 In this study, non-catalytic transfer hydrogenation of sugarcane bagasse derived lignin was investigated. The study was designed to understand the key parameters permitting the minimization of lignin condensation reactions that produce char and the concomitant improvement in the production of deoxygenated lignin oils. The equilibrium system of FA, methyl formate (MF) and carbon monoxide was investigated.
First, aqueous and non-aqueous media were investigated via a parametric study of water or methanol as solvent, and FA or MF as reagent. The equilibrium was further investigated by evaluating the contribution of the system decomposition products, CO and H 2 . A time-course study of the lignin depolymerization was then performed to observe the evolution of the product quantities and distributions. In parallel, the gas composition was measured as a function of the experimental conditions and reaction time in order to identify key conditions for efficient depolymerization of the lignin and minimization of char. Finally, deuterated FA was used to confirm the role of the hydride proton of the formate on the lignin deoxygenation process. From these studies, key mechanisms and reactions in the non-catalytic transfer hydrogenation of lignin were determined.
Results and discussion

Preparation of the bagasse lignin
The bagasse lignin was prepared from the saccharification residue of dilute acid pretreated sugarcane bagasse. The alkaline extraction permitted 73 wt% of the lignin initially present in the residue to be isolated. After alkaline extraction followed with acid precipitation, no sugars were detected in the isolated lignin which were composed of 88 wt% acid insoluble lignin (Klason Lignin) and 0.9 wt% ash. As illustrated in Table 1 , significant amounts of nitrogen were observed which can be suggested to be from proteins bound to the lignin after precipitation. The molecular weight profile of the lignin showed a high polydispersity of 4.4 due to the presence of monomers p-coumaric acid and ferulic acid estimated to be 9.1 and 7.9 per 100 C 9 units of lignin. The presence of p-coumaric acid and ferulic acid in grass lignin was expected. 29 As illustrated in Table 1 , the bagasse lignin is a syringyl rich lignin with 57% of syringyl (S) units, 34% of guaiacyl (G) and 8% of hydroxyphenyl (H) units. However, the p-coumaric acid and ferulic acid were not included in the lignin unit ratio as they are not considered to be part of the backbone of lignin; ferulic acid acts as bridge between lignin and hemicellulose components; coumaric acid is present as a pendent ester group on the lignin. Overestimation of both units in the lignin using 2D NMR has been reported. The abundance of alkyl aryl ether linkage (β-O-4) is 27% suggesting that the uncondensed structure was not significantly affected by the alkaline extraction. It is believed that the preservation of the uncondensed structure of the lignin is imperative to achieving good conversion into low molecular weight products.
Parametric study of lignin transfer hydrogenation Lignin depolymerization yields. In the first part of the study, the bagasse lignin underwent reaction in the presence of FA or MF with either methanol or water as the carrier solvent, to yield three products: (1) depolymerized lignin as an oil, (2) condensation products that formed char, and (3) degradation products that formed permanent gases. After reaction, the char was quantified as the insoluble fraction recovered after washing with a mixed solvent of tetrahydrofuran/methanol (2/1: v/v). The oil fraction was recovered after removal of the solvent. The unrecovered fraction corresponded to the complement of 100 wt% of the initial lignin. As illustrated in Fig. 1 , 68 wt% to 73 wt% of the initial lignin weight was converted to oil after reaction. In the aqueous system, less than 2 wt% of the lignin was converted to char and from 27 wt% to 30 wt% of the initial mass of lignin was considered unrecovered (gas, water, methanol and some volatiles). In the MF/methanol system, the absence of water led to the production of 30 wt% char while the unrecovered fraction was similar to the FA/water condition (20-21%). The unrecovered fraction was up to 10% lower in the methanol system compared to the aqueous system. In the case of the FA/methanol system, the lower amount of unrecovered material was counteracted by the slightly higher production of char, around 6%. As a consequence, the aqueous system is more appropriate for the production of high amounts of oil while limiting char formation. Under aqueous conditions, the use of MF instead of FA had less effect on the yield of each product fraction compared to the methanol scenario. This could be explained by the fast hydrolysis of the MF to FA under aqueous reaction conditions. Deoxygenation of lignin oil and char. As illustrated in Table 2 , the elemental analysis of the oil and the char both showed reduced oxygen content compared to the initial bagasse lignin. The methanol system led to slightly higher deoxygenation of the oil with 16.5% and 17% of oxygen content in FA/methanol and MF/methanol condition respectively. More significant are the different oxygen contents in the chars. The absence of water generated a char with oxygen content as low as 10.4 wt% suggesting that the condensation led to the deoxygenation of the lignin. In other words, the methanol system favoured lignin condensation, increasing the deoxygenation of the oil but also produced more char that contained less oxygen. When the elemental compositions of the oil and char are added together, the deoxygenation was the least efficient under MF/water conditions and most effective under MF/methanol conditions. After taking into account the respective yield of oil and char, the combined elemental analysis of the oil and char was compared to the initial bagasse lignin elemental analysis. In that case, it is possible to follow the total amount of carbon recovered after transfer hydrogenation. As illustrated in Table 2 , the carbon conservation was higher when methanol was used as solvent with 60.9 ± 0.2 wt% carbon conversion of the bagasse lignin which is slightly higher than the starting amount of carbon of 59.2 ± 0.1 wt%. This suggests that carbon was added to the lignin probably due to the methylation of the products. Molecular weight distribution of the oil fractions. As illustrated in Fig. 2 , all four conditions produced oils with lower M w than the initial bagasse lignin. The MF/water system gave the oil with the lowest polydispersity with 1.93 and the lowest M w with 851 ± 6 g mol −1 , compared to 924 ± 3 g mol −1 for the MF/MeOH, 1042 ± 4 g mol −1 for the FA/water and 1182 ± 57 g mol −1 for the FA/MeOH conditions. As illustrated in Fig. 2 , the FA/MeOH system produced higher M w products than the MF/MeOH. Higher molecular weight lignin fragments are thought to be more predisposed to charring. As a consequence, the high amount of char produced in the case of the MF/MeOH could reduce the presence of high molecular weight product in the oil. In other words, the condensation of the lignin, favoured in absence of water, could lead to an initial increase of the M w of the lignin oil. Then the higher molecular weight fragments in the oil may partake in char forming reactions (also favoured in absence of water) leading to a lowering of the M w of the final lignin oil. Many studies give evidence for the more highly aromatized and/or the more conjugated compounds in coal and biomass derived oils being more reactive towards char formation -these compounds are often the higher molecular weight components.
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Monomer distribution and yield of the oils. The quantification of the dichloromethane soluble products of the lignin oil is illustrated in Table 3 and Fig. 3 . According to NMR analysis, the syringyl unit was the main constituent of the bagasse lignin. However, as illustrated in Fig. 3 , syringol was only detected in the methanol system and it contributed to less than 0.21 or 0.75 g per 100 g of oil for FA/MeOH and MF/ MeOH respectively. The absence of syringol under other conditions could be explained by its demethoxylation to produce guaiacol. It can be suggested that the observed monomers were mainly produced from ferulic acid (G-type units) and p-coumaric acid (H-type units) instead of the syringyl backbone of the lignin.
The distribution of the different products was highly dependent on the nature of the solvent. Under aqueous conditions, phenols and catechols were the main products. The distribution was more diverse when methanol was used with a significant presence of anisoles, suggesting that the phenolic hydroxyl groups were methylated. On the other hand, guaiacol was present in a higher concentration when methanol was used, compared to the aqueous system. This can be explained by the hydrolysis of the methoxy group to produce catechols in the presence of water. The methanol medium favoured the methylation of the phenolic hydroxyl, while the aqueous medium favoured the demethylation of the methoxy group. Methane was not detected in the FA/water system (Fig. 7) . It is suggested that the methoxy group of the lignin undergoes hydrolysis to produce catechol and methanol rather than undergoing reductive cleavage to generate methane. This could not be confirmed in this study as methanol is lost during the product recovery step and would be accounted for in the unrecovered fraction. Etherification under methanol conditions or ether hydrolysis in the aqueous system explain the difference in carbon content derived from the sum of char + oil determined by elemental analysis (Table 2 ) and also the lower amount of unrecovered fraction in the case of the methanol system ( Fig. 1 ). Previous studies also highlighted the alkylation of the aromatic ring of the lignin when the reaction was conducted in alcoholic media. 20, 21 In the present study, no significant alkylation of the aromatic ring was observed, although some alkylation did occur. This could be explained by the lower reaction temperature used in the present study.
Onwudili reported the production of up to 15% of alkylated benzene and up to 10% of alkylphenols when the lignin was two-stage depolymerized at 265°C for 1 h followed by 350°C for 5 h. When the reaction was conducted at 265°C for 5 h and 350°C for 1 h, phenol was the main product accounting for up to 18% of the lignin feed. 19 Elsewhere it has been reported that catechol was produced when the reaction was conducted at 265°C for 6 h. 12 In the present study, no alkylated benzene products were detected under our reaction conditions. The deoxygenation of the aromatic ring probably requires a higher temperature than used in the present study (300°C). Time course study of the lignin transfer hydrogenation Evolution of the oxygen contents and molecular weight of the oil. For the depolymerization study of lignin as a function of time, lignin was reacted in the presence of MF and water ( Table 7) . The mass of each type of atom contained in the oils can be calculated by taking into account the yield of oil generated after different reaction times and the elemental composition of the oil. For example, from 100 g of bagasse lignin containing 59 g of carbon and 32 g of oxygen, 76 g of oil was produced after a 4 h reaction containing 56 g of carbon and only 12 g of oxygen. As illustrated in Fig. 4 , CHN analysis of the oil recovered after different reaction times showed that the mass of recovered carbon increased from 59 g to 68 g at the early stage of the reaction (up to 270°C) suggesting that the formate reacted with the lignin. However, the fact that the mass of oxygen did not increase suggests that lignin deoxygenation had already started and balanced the amount of oxygen incorporated from the formate molecules. The mass of hydrogen also increased from 5.8 to 8.6 wt% and then decreased slightly to 6.6 wt% after 4 h of reaction. While the mass of oxygen decreased from 32.4 to 12.2 wt% from the bagasse lignin to the oil generated after 4 h of reaction, the mass of carbon only decreased from 59.2 to 56.0 wt%.
As illustrated in Fig. 5 , the depolymerization of the bagasse lignin already occurred before the reaction temperature reached 270°C. The NMR analysis (Fig. S.1 †) of oil produced once the temperature reached 270°C showed that the alkylaryl ether linkages had already disappeared at this stage of the reaction. Cleavage of the alkyl-aryl ether linkage occurred during the temperature ramp. However, the region of the aromatic proton could still be distinguished between the guaiacyl and syringyl units. On the other hand, the correlation peak related to the coumarate and ferulate structure disappeared while a correlation peak appeared next to the H 2,6 signal of the hydroxyphenyl lignin unit. This peak could be attributed to the production of alkylphenols such as ethylphenol.
As illustrated in Fig. 5 , the M w of the oil then slowly decreased to 880 g mol −1 after 4 h reaction before increasing to 1070 g mol −1 at 6 h. The small increase between 4 and 6 h may be attributed to condensation reactions. Evolution of monomers: yield and product distribution. The evolution of the monomer quantity and type was measured as a function of time. As illustrated in Fig. 6 , the yields of the monomers steeply increased during the temperature ramp between 270 and 285°C from 4.4 to 9.6 wt% of bagasse lignin. Then, the yields started decreasing as the reaction temperature approached 300°C. While the oxygen content and the M w of the lignin oil decreased with increasing reaction time, the yields of identified monomers significantly decreased. The selectivity of monomers, (as defined in the Experimental section) also changed significantly betweeen 270°C and 30 min reaction time at 300°C. The syringols type molecules which were major products at 270°C totally disappeared after 10 min reaction at 300°C. The NMR analysis of the oil produced after 4 h reaction confirmed the disappearance of the S-type units (Fig. S.1.C †) . Even if it is difficult to corrleate the lignin structure to the aromatic proton of the spectrum, the total absence of the S 2,6 correlation peak suggested substantial degradation or modification of the S-type units of the lignin. This could be explained by the demethylation of the syringol to methoxycatechols and pyrogallols. Then, the low stability of the pyrogallol could lead to the disappearance of the syringyl (S)-type units derived products (syringols, methoxycatechols, pyrogallols) after 30 min reaction. On the other hand, the yield of catechols and guaiacol, reached a maximum after 10 min reaction with 2.2 and 1.7 wt% and then decreased to less than 0.4 and 0.5 wt% after 6 h reaction. The stability of the phenols (H-type lignin units) was highlighted by the increase of the H-type unit product selectivity from 26 wt% at 270°C to 76 wt% after 6 h reaction. Higher stability of the phenols under operating conditions compared to the catechols and pyrogallols could explain the evolution of the product selectivity toward the H-type unit derived monomers ( phenols and anisoles). As observed in the methanol media experiment, the production of anisoles could be attributed to the methylation of the phenol with methanol. In that case, the methanol came from the hydrolysis of the MF as well as the demethylation of the phenolic hydroxyl. This also illustrates the competitive reactions between demethylation and methylation of phenolic hydroxyl group. The presence of guaiacol type molecules after several hours of reaction could also be explained by the same equilibrium between demethylation and methylation of the phenolic hydroxyl group. Unlike pyrogallol, it can be suggested that the relative stability of the catechols prevented the total disappearance of the G-type unit derived products, even if the relative selectivity decreased from 50 wt% after 10 min to 24 wt% after 6 h reaction.
A close analysis of the product distribution highlighted that the H-type units were more stable that the G-type and S-type units. As a consequence, higher monomers yields should be expected from H-rich lignin. On the other hand, the S-rich lignin (usually dominant in grasses and hardwood) did not seem to be the most suitable lignin structure for transfer hydrogenation reactions in aqueous media.
Gas compositions after reaction
Effect of the reagent system. Given previous studies, it was anticipated that the reaction gas composition will affect the lignin depolymerization and condensation. 21 In this part of the study, the role of the gaseous environment on the lignin depolymerization was examined. According to a previous study, the decomposition of FA in presence of water can follow Fig. 7A , all the FA/MF were decomposed in the aqueous system after 4 h reaction in the absence of lignin. On the other hand, the sum of CO + CO 2 showed that less than 50% of the FA/MF was decomposed when methanol was used. This is explained by the higher stability of methyl formate towards decomposition. Indeed, the activation energy for the decarbonylation of the MF was previously estimated to be 74.8 kcal mol −1 while the FA carboxylation activation energy can be as low as 45.3 kcal mol −1 . 25, 32 As illustrated in Scheme 1, the hydrolysis of the MF in water generated the FA which then decomposed via decarboxylation or decarbonylation pathways to produce CO 2 an H 2 or CO, respectively. 33 The gas composition was similar when excess water was used (FA/W or MF/W). On the other hand, the gas composition after decomposition of the FA (FA/ MeOH) or methyl formate (MF/MeOH) was different. For the FA/MeOH system, the molar ratio CO 2 /CO was 4.5 whilst in the MF/MeOH case, the ratio was 0.22. It is also interesting to note that the ratio of H/CO 2 was 1.6 in methanol whilst it was close to 1 under aqueous conditions. The higher production of hydrogen could be explained by the methanol reforming reaction. As illustrated in Fig. 7B , the presence of lignin significantly modified the gas composition and catalysed the decomposition of FA/MF in methanol. However, the catalytic effect of lignin was unclear and further analysis is required to understand if, for example, metal impurities (if present) or lignin itself are the reason for this effect. The gas composition in the presence of lignin was also highly affected by the solvent used in the depolymerization experiments, rather than the transfer hydrogenation agent. In the water system, CO 2 was the most abundant gas with 18 mmol g −1 of lignin. The greatest CO yield was observed under both methanol systems (FA/ MeOH and MF/MeOH), with 15.6 mmol and 17.2 mmol g −1 of bagasse lignin respectively. The decarboxylation of FA appears to be the main decomposition pathways in aqueous media, and decarbonylation of FA and MF under non-aqueous media which is in agreement with a previous study. 25 In aqueous media, the fast hydrolysis of the MF to FA will significantly exacerbate the MF decomposition. 33 Methane was only produced in significant quantities in the non-aqueous medium and is likely to come from hydrogenation of methanol and/or decarboxylation of MF (Fig. 4A) . Under aqueous reaction conditions, the low amount of methane suggests that the demethylation of the methoxy group proceeds via a hydrolysis mechanism instead of hydrogenolysis. The number of moles of MF or FA used for the experiment were 20 mmol g −1 of lignin. The sum of CO 2 + CO produced in all four experiments ranged from 22.7 mmol to 24.3 mol for FA/water and FA/MeOH conditions respectively. These values are slightly higher than the total amount of carbon oxides generated by the decomposition of the FA and can be partially explained by the decarboxylation of the p-coumaric acid and ferulic acid of the lignin. According to the NMR result, decarboxylation of both cinnamic acids should generate less than 1 mmol of CO 2 per gram of lignin. However, this could be overstated due to the overestimation of the p-coumaric acid and ferulic acid using analysis via NMR. On the other hand (Table 4) , the blank experiment, where bagasse lignin was only reacted in the presence of water, at 35 bar-g nitrogen, produced 3 mmol of CO 2 per g of lignin which is in agreement with the overproduction of CO 2 . Compared to the water system, the total carbon oxides was also slightly higher in the methanol system and could be explained by the methanol reforming reaction. It is well known that formaldehyde is produced during acid-catalyzed hydrolysis of lignin. In addition to being involved in lignin condensation, the formaldehyde can disproportionate to give methanol and FA (Scheme 1) or cross-disproportionate with FA to give CO 2 and methanol. 34 As a consequence, the degradation pathway of the formaldehyde could also account for the overproduction of CO 2 .
In the system without lignin (Fig. 7A) , the H 2 /CO 2 ratio was in all cases equal to or greater than one. However, as illustrated in Fig. 7B , the difference of moles between hydrogen and carbon dioxide can be explained by the direct or indirect involvement of hydrogen in the deoxygenation of lignin. As illustrated in Fig. 7B , taking into account the CO 2 coming from the lignin (3 mmol g −1 , Table 5 ), around 8.5 mmol of hydrogen per gram of lignin were consumed in the water system while only 3.8 and 1.5 mmol were consumed when non-aqueous conditions were applied. The higher consumption of hydrogen could be correlated to less char formation due to fewer lignin condensation reactions. Gas evolution as function of the time. In the previous section the gas composition after reaction suggested that a significant amount of hydrogen was consumed by the lignin. To the best of the authors' knowledge, there are no previous timecourse studies on the gas composition during the transfer hydrogenation of lignin. The composition of the evolving gases should be helpful to explain the FA/MF decomposition mechanism and the role of reactive gas species (e.g. CO or H 2 ). As illustrated in Table 4 , the sum of CO 2 + CO showed that the decomposition of the FA/MF occurred at an early stage to produce three times more moles of CO 2 than H 2 . After 10 min of reaction, the sum of CO + CO 2 reached a maximum of 21 mmol g −1 then remained constant. However, once the temperature of the reaction reached 300°C, the amount of CO decreased to 0.053 mmol min −1 between 30 to 360 min while the increase of CO 2 was inversely proportional, increasing to 0.073 mmol min −1 during the same period of time. This observation suggests that the CO was oxidized to CO 2 and somehow contributed to the deoxygenation of the lignin. A previous study reported that the water-gas-shift (WGS) reaction was observed at this temperature range in the absence of a catalyst. 24 In the present study it is unlikely that this phenomenon was only due to the WGS reaction as the hydrogen increased by only 0.02 mmol min −1 between 30 min and 360 min. Or, as illustrated in Table 4 , the difference between CO 2 and H 2 increased with the reaction time. This result is in contrast with previous work on the conversion of hardwood lignin under 500 psi of carbon monoxide (cold pressure). The authors did not observe the oxidation of the carbon monoxide to carbon dioxide when the reaction was conducted at 365°C i.e. subcritical water. 22 As illustrated in Fig. 4 , methane was a significant product when methanol conditions were used. In the water system, methane was produced at a constant rate of 0.017 mmol min . This could come from the methanol generated by the demethylation of guaiacol and syringol. Methane is also likely to come from direct hydrogenation of methanol and/or from the carbonylation of methanol with CO followed by decarboxylation of MF.
The time-course study of the gas composition showed that carbon monoxide was consumed while CO 2 was generated. As the FA was decomposed at an early stage of the reaction, the presence of carbon monoxide and hydrogen had to play a critical role in the prevention of lignin recondensation. This aspect of the transfer hydrogenation using FA is often ommitted and will be discussed in the next section.
Depolymerization of bagasse lignin in presence of reductive gas. To understand the effect of carbon monoxide, additional experiments were performed where FA was substituted with CO and/or H 2 . As illustrated in Table 5 , the blank experiment without lignin (entry 2) generated a small amount of hydrogen and showed that the WGS reaction only occurred to a low extent. The low catalytic activity of the metal reactor wall could partially explain the WGS reaction. According to previous work, the catalytic effect of the metal reactor wall was observed from temperatures as low as 600 K in plug-flow-reactor configuration, with "substantially enhanced rates of reaction" for a metal-walled reactor versus quartz reactors. 35 The presence of lignin (entry 5) significantly increased the amount of hydrogen produced suggesting that the bagasse lignin appears to catalyze the water-gas shift reaction although the reason for this is unclear and may be related to the presence of ash components. As observed in the time course data, there is a an unbalanced amount between the CO 2 and H 2 (entries 3 and 4). In order to check if the molecular hydrogen could be directly consumed during the experiment, lignin was reacted in the presence of a gas mixture composed of 20 bar-g (13.5 mmol g −1 of lignin) H 2 and 10 bar-g (8.6 mmol g −1 lignin) CO. As illustrated in Table 5 (entry 6), molecular H 2 was slightly produced, not consumed. This suggests that the hydridic proton from the formate, produced from CO and water, directly reacted with the lignin. This hypothesis has already been reported in previous work on hydrothermal liquefaction of a low-rank coal and biomass in the presence of carbon monoxide. 36, 37 On the other hand, compared to entry 3 where half of the CO was consumed, barely any CO was consumed when the nitrogen was substituted with hydrogen. The presence of hydrogen appeared to inhibit the oxidation of CO to CO 2 . The inhibition effect of the hydrogen could be explained by an equilibrium effect between hydrogen and carbon monoxide within the water-gas-shift reaction. The inhibition of the CO oxidation increased the char formation. As illustrated in Table 5 , the char formation increased from 18% (entry 3) to 31% (entry 6) when nitrogen was substituted with hydrogen. In the pure hydrogen system (entry 7), the char formation was also much higher than in the carbon monoxide system (entry 5). This observation clearly shows that the molecular hydrogen is not active in the studied conditions and did not prevent lignin condensation reations.
As illustrated in Table 6 , the oxygen content of the oil generated in the blank (entry 1) and under pure hydrogen (entry 5) were similar to the initial bagasse lignin (Table 1) . No significant deoxygenation of the lignin oil was observed when the lignin was reacted in the presence of 35 bar-g nitrogen or 30 bar-g of hydrogen. On the other hand, the reduction of the oxygen content was significant in the char and was due to the carbonization of the lignin. The oils produced under CO conditions showed that their oxygen content decreases from 23.2 wt% to 20.2 wt% as the CO partial pressure increased from 10 to 35 bar-g. As illustrated in Fig. 8 , there is a linear correlation between the lignin oil yields and the oxygen content of the oils. More deoxygenation of the lignin generated higher yield of oil. The deoxygenation of the lignin is a critical Fig. 9 .
As illustrated in Fig. 9 , the mass spectrum of ethylguaiacol suggests the incorporation of one deuterium to the benzylic position when the α-methylvanillyl alcohol was reacted with d-FA. In the presence of D 2 O (Fig. 9C & D) , the molecular mass of the ethylguaiacol increased to 230 g mol −1 and 231 g mol
without and with the presence of d-FA, respectively. As reported in a previous study, the incorporation of deuterium on the β-carbon of the alkyl chain, and on the aromatic rings, was attributed to the H/D exchange of D 2 O in subcritical conditions. 38 The H/D exchange at the β-carbon position of the side chain is thought to proceed via a vinylguaiacol intermediate as shown in Fig. S.2 . † The H/D exchange of the three protons on the β-carbon was confirmed by the loss of m/z 18 from the ethylguaiacol fragmentation (Fig. 9) . However, the low electron density of the benzylic position could explain the (Fig. 9B ) instead of 18 m/z (Fig. 9D) confirmed the absence of deuterium incorporation at the beta carbon position of the alkyl chain under d-FA H 2 O conditions (B). Ergo, in case (B) the deuterium has to be incorporated at the alpha position. Therefore, the incorporation of deuterium on the benzylic position can only be attributed to the transfer hydrogenation of the deuterated formic acid (DCOOH). Under these conditions, the mass spectrum also showed the presence of ethylguaiacol (m/z = 224) without deuterium incorporation (Fig. 9B) . The reduction of the α-methylvanillyl alcohol to ethylguaiacol does not necessarily require the presence of FA suggesting that other hydride sources can be involved in the reductive reaction. Indeed, in the blank system (i.e. no FA), the production of ethylguaiacol was observed and could be explained by the transfer hydrogenation of the α-methylvanillyl alcohol in order to generate acetoguaiacol and ethylguaiacol. Another reason for the production of ethylguaiacol under blank conditions could be due to the involvement of acetaldehyde. The production of acetaldehyde could be attributed to the retro aldol reaction leading to the generation of guaiacol, which has been observed as the main product here. Even if the role of acetaldehyde in the reduction has not been clearly identified, previous authors reported that the disproportionation of acetaldehyde can generate carbon monoxide. 39 The carbon monoxide could then react with water to produce an active reducing reagent. Acetaldehyde could also be a precursor to a hydride reagent and indirectly reduce the α-methylvanillic alcohol to ethylguaiacol. The benzylic position of the lignin is well-known for being one of the main lignin positions where condensation can occur. The reduction of the benzylic hydroxyl via transfer hydrogenation will limit condensation reactions. Further evidence of the importance of the benzylic position and oxygen in condensation reactions comes from research on the production of synthetic pitches from coal tar derived anthracene oil. 31, 40, 41 In that work anthracene oil was air blown at 280-300 C in the presence of an iron chloride catalyst. It was found that the incorporation of oxygen groups into aromatic side chains of the anthracene oil molecules was important for improving the yield of higher mass compounds (500 to >3000 amu) compared to nitrogen blown conditions. It was determined that oxygen plays an important role in enhancing condensation reactions between small polyaromatic hydrocarbons. Lignin condensation reactions could be limited in the presence of FA via the reduction of benzylic hydroxyl groups via transfer hydrogenation. General discussion. Based on the described findings, the transfer hydrogenation of lignin in the presence of MF, FA and carbon monoxide is posited to proceed as in Fig. 10 ; an equilibrium is established in the presence of H 2 O leading to all three reactive species being present in the reaction mixture, as shown in Scheme 1. As illustrated in Fig. 10 , the more stable MF could be seen as a storage molecule for the hydridic proton of FA. As a consequence, the use of MF could delay the release of FA and avoid complete consumption of FA during the early stages of the reaction. The FA is consumed via pathway A 34, 42 or via direct decomposition to carbon monoxide ( pathway B) or carbon dioxide ( pathway C). Then, it is suggested that the CO is converted to formate (FA) in the presence of lignin and water ( pathway D) which prevents carbonization of the lignin. Under subcritical water conditions, the ability of carbon monoxide to activate the hydrogen of water via the formation of formate has been previously reported. 36 Finally, the deuterated experiment confirmed the transfer hydrogenation of a lignin type molecule at the benzylic position which is a key step for preventing lignin condensation. Unlike previous studies, 21 this study demonstrates that FA reacts directly with the lignin via transfer hydrogenation without the formation of molecular hydrogen. According to previous work, the bond dissociation energy of the hydride of the formate was measured as 90.8 kcal mol −1 while for molecular hydrogen it is 104 kcal mol −1 . 43 The lower bond dissocation energy of the formate compared to molecular hydrogen could explain its reactivity. Under our experimental conditions, molecular hydrogen did not contribute to the deoxygenation of the lignin ( pathway E). It is clear that the presence of formate or CO alone helped to limit char formation. Even if the CO conditions minimized the char formation, better results were achieved when using formate/water. In the presence of formate, the higher deoxygenation of the oil at early stages of the reaction may be the key to the minimization of the condensation reactions which lead to char formation. In the present study, FA was shown to be quickly consumed during early stages of the reaction. Nearly all the FA/MF was reacted or decomposed before the reaction temperature reached 300°C. At high lignin loading, a significant partial pressure of carbon monoxide (relative to 21 bar-g of cold pressure) was generated from MF/FA decomposition once the reaction temperature reached 300°C. This high CO partial pressure combined with an aqueous media limited condensation reactions between lignin fragments (Table 5 , entries 3-5). Also, even if the partial pressure of CO (cold pressure) was reduced to 14 bar-g after 6 h of reaction, it was still high enough to prevent significant carbonization of the lignin (less than 2% char). However, in the non-aqueous system, the presence of carbon monoxide was not useful due to the absence of water and did not prevent the formation of char as illustrated by the MF/MeOH results. The possibility of using carbon monoxide in an aqueous media as a transfer hydrogenation reagent is a promising way to reduce the FA loading and to improve the environmental credentials (by using water instead of an organic solvent) and the economics of the process. On the other hand, conversion of carbon monoxide to active formate (FA) is slow which is less desirable. As previously reported, activation of the carbon monoxide with a promoter like sodium formate or sodium carbonate led to a better oil yield and less char formation. 23, 36 However, the addition of promoter will also increase the water-gas-shift type reaction and generate unreactive hydrogen. It is interesting to note that the conversion of the FA to hydrogen, under the conditions outlined above, could be classified as a parasitic reaction. In other words, carbon monoxide which is usually poisonous for metal catalysts appears to be the main contributor to the depolymerization of lignin and limits char formation under non-catalytic conditions.
Experimental
Materials
All chemicals were reagent grade and purchased from SigmaAldrich (St Louis, MO), unless otherwise noted. Bagasse lignin cake was obtained from the saccharification residue of the diluted acid pretreated sugarcane bagasse. On a dry basis, the lignin cake is composed of 35.7 wt% of Klason lignin, 39.5 wt% of glucan, 4.9 wt% of xylan and 1.6 wt% of ash. Hydrogen (UHP300), nitrogen (UHP300) were supplied from Airgas (Ragnor, PA) and carbon monoxide (99.5%) from Praxair (Danbury, CT). Dimethylsulfoxide-d 6 was purchased from Cambridge Isotope Lab (Tewksbury, MA). Alkaline extraction of the saccharification residue Due to the low lignin purity of the sugarcane bagasse saccharification residue, alkaline extraction of the lignin was performed. Wet lignin cake (187.5 g at 40% dry matter, 75 g of dry lignin cake) was mixed with 562.5 mL of DI water and 75 mL of 5 N NaOH in 2 L autoclave glass bottle. The bottles were loosely tightened, and the alkaline mixture was autoclaved at 121°C (15 psi) for 1 h. After reaction, the mixture was cooled down to room temperature (RT) and centrifuged. The residue was washed 3 times with 250 mL of DI water. The alkaline liquors were combined together and cooled to 7°C. Then, the liquor ( pH = 12) was acidified with 6 N HCl up to pH 2-3 to precipitate the lignin. The acidic slurry was centrifuged, and the precipitate was washed three times with 250 ml of DI water. Finally, the purified/alkaline extracted bagasse lignin was dried at 45°C under vacuum for 3 days and gently crushed using a mortar and pestle.
Bagasse lignin depolymerization
Formic acid and methyl formate systems. The lignin depolymerization was performed at 20 wt% lignin loading in the absence of a metal catalyst under four reagent/solvent scenarios as reported in Table 7 Without stirring, the reaction temperature was increased up to 300°C in 40 min, the pressure inside the reactor rapidly stabilized at 137 to 165 bar-g depending on the solvent used (Table 7) . Even though no attempt to control the heating rate was made, 40 min was consistently required to reach 300°C. At the end of an experiment the heater was shut down and the reactor allowed to cool to 150°C before being placed in an ice bath until the reactor was at room temperature. The reactor reached room temperature in less than 60 min. Then, gas samples were collected during the degassing of the reactor. Using a two-digit scale, the mass of the product gases was obtained from the difference between the mass of reactor after degassing and the mass of the reactor before the nitrogen was introduced. The procedure was performed with care in order to minimize the error induced by the ice bath cooling and the water cooling system of the transducer. With a mass difference above 3.00 g, less than 3% variation in the gas yield was observed between two duplicate experiments.
Mass of gas ¼ mass of degassed reactor À mass of the loaded reactor ðbefore pressurizationÞ
For collection of the oil, 40 ml of THF was added into the reactor to solubilize the oily fraction. The mixture was centrifuged and the residue (char) was washed twice with THF/ MeOH (2/1: v/v). The oily product was recovered after solvent removal using a rotavapor (50 mbar at 35°C) and the remaining water was co-evaporated with ethanol. The work-up procedure may involve the loss of some volatile lignin-derived products (e.g. anisole). The bulk of the "unrecovered fraction" is due to water, methanol, permanent gases and other volatile species that are lost during recovery of the oil. GC/MS analysis. GC/MS analysis of the catalytic conversion products was performed. An exact mass of oil products (Approx. 10.00 mg) were extracted with 300 μL of dichloromethane (DCM) containing the 1,3,5-tri-tert-butylbenzene as internal standard. An aliquot (5-10 µL) of the DCM solubleproducts was silylated using 30 µL of pyridine and 70 µL of N, O-bis(trimethylsilyl)trifluoroacetamide (BSTFA). Qualitative and quantitative analyses were performed using an Agilent 6890N gas chromatography (GC) equipped with Agilent 5973N mass spectroscopy (MS). A DB-5MS capillary column (30 m × 0.25 mm × 0.25 μm) was used for this work. The quantification of the products was measured on the TIC using a set of reference compounds (listed in Table S .2 †) with 1,3,5-tri-tert-butylbenzene as an internal standard.
Conclusion
The equilibrium system of formic acid, methyl formate and carbon monoxide in the presence of water has been evaluated, and the mechanism for the depolymerization/deoxygenation of lignin in the presence of formic acid or methyl formate at 300°C has been elucidated. Formic acid is quickly decomposed to carbon dioxide or carbon monoxide, whilst the ratio between these two gases depends on the nature of the solvent. It was determined that hydrogenation of lignin using formic acid does not proceed via initial molecular hydrogen production, but rather via direct reaction of formic acid with lignin. This is also corroborated by the low ratio of molecular hydrogen and carbon dioxide observed.
Formic acid and carbon monoxide both contribute to lignin deoxygenation. In the absence of formic acid or carbon monoxide i.e. pyrolysis conditions in nitrogen, lignin oil contains high oxygen content and is more prone to carbonization. Deoxygenation of the lignin seems to be the critical step for limiting char formation.
With respect to oil and char formation, aqueous reaction conditions reduce the amount of char formation and lead to nearly complete demethylation of the lignin methoxy groups, thereby leading to catechol type molecules in the oil. The limited amount of char formation in the presence of water was attributed to the ability of carbon monoxide to activate the water molecule proton via the formation of formate. In the presence of lignin, carbon monoxide is converted to formate via a water-gas-shift type reaction. The formate prevents condensation of the lignin fragments thereby limiting char formation and producing more lignin products in the low molecular weight range.
Regarding depolymerization efficiencies, carbon monoxide has a lower efficiency than formic acid, arising from its role as a precursor to the active reducing reagent rather than carbon monoxide being the active reducing reagent itself. Using formic acid was more efficient due to a higher hydride concentration than in the carbon monoxide/water system. It is suggested that a combined process using formic acid and carbon monoxide would reduce the formic acid loading and provide a means for improving process economics.
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